INTRODUCTION
Electronic Laser Shearography is a relatively new Nondestructive Evaluation (NDE) technique that is used with excitation methods to measure differential displacements and subsequent strains at the surface of a material. Laser shearography was evaluated as an NDE technique for the inspection of adhesive bonds on fixed foam insulation for Atlas-Centaur cryogenic fuel tanks. A test program was conducted which evaluated the capability of electronic laser shearography to detect disbonds under field conditions on a full scale development test article. The test program validated laser shearography as a viable technique for the inspection of adhesive bonds in the test article configuration.
PROBLEM IDENTIFICATION
The new insulation system for the Atlas II version of the Atlas-Centaur space vehicle will use a fixed foam insulation bonded to the upper stage Centaur in place of the currently used jettisonable fiberglass-honeycomb insulation panels. new system will provide a low-cost, easily manufactured system, that, when properly bonded in place, provides adequate insulation for the liquid hydrogen fuel. An NDE method is required to verify the integrity of the bond between the foam and the tank.
Test Configurations
The new insulation consists of a 0.60" thick PVC closed cell foam with a density of approximately 2.8 lbstft3 bonded directly to a thin-wall (0.015") 301 CRES stainless steel tank using a room temperature cure modified epoxy adhesive. The inspection area is a 20' high cylindrical tank with a radius of 60". A systematic approach was used to i~entify those NDE techniques which met program requirements.
Selection of Electronic Laser Shearography
The quality of materials and processes should be measured and controlled via in-process monitoring techniques. A limited number of proven in-process control and monitoring methodologies are currently available to verify performance of the bonding process. Therefore, a technique was required for verification until an established and statistically proven process is available. The potential NDE methods considered for the inspection are listed in Table 1 and were initially evaluated using flat test panels that were representative of the actual test materials configuration. An absence of adhesive was used to simulate a disbanded condition.
Upon identification of potential solutions, a series of constraints were imposed that reduced the number of alternatives to only those NDE techniques considered to be feasible. Table 2 lists the constraints which were required of all acceptable test methodologies: Shearography uses an optical shearing technique to measure displacement contours on the surface of a specimen. The technology uses an optical shearing wedge in front of the test object and compares an object and reference beam to create a fringe pattern. (Newman 1987 ) Unlike conventional holography which requires a relatively stable platform to maintain the wavelengths of laser light during the scan time, shearography is more forgiving to slight movements.
Laser shearography detects and displays small differences in displacement between differing rates of stress from paired points on a surface. The technique uses a CCD camera to store an image from an unstressed laser illuminated surface, and then compares it to the same surface under stress. Relaxation and displacement at the surface creates fringe lines, which are then compared to an unstressed shearographic image stored in a video buffer. The stressed surface image is electronically subtracted from the unstressed image and is used to create a go-no/go representation of the displacement. A shearographic image of two simulated disbonds in fixed foam are shown in Figure 2 .
Laboratory Testing
Laser shearography requires that a stress-inducing source be used to provide quantitative information on the condition of the material (i.e., bond integrity) being investigated. The surface of the specimens were illumina(ed with a speckle pattern laser and a 3/4 degree shearing wedge was used in front of a CCD camera. The test equipment was designed to meet the rigors of a field testing environment. A large tripod assembly was used to hold a 600 milliwatt argon air-cooled pulsed laser, acoustic drive speaker, and CCD camera. The laser and camera were positioned approximately 3 feet from the exterior surface of the test article and could be manipulated to sweep across the surface of the tank. Field testing showed the laser and camera to be sensitive to surface displacements at angles of up to 45 degrees between the laser beam and the foam surface; however, perpendicularity between the laser and the surface provided the best images.
Several methods of inducing stress were considered during the evaluation process and included acoustic, electromagnetic, mechanical, thermal, and vacuum excitation techniques. Tests were conducted which examined various excitation methods and their ability to create surface displacements which were representative of the simulated disbonds. Potential excitation solutions were screened during the 571 Figure 2 .
Laser shearography provides an image of surface displacements that exceed a preset threshold. (4" square disband shown) preliminary evaluations and resulted in 3 feasible solutions: acoustic, mechanical, and vacuum. These methods were chosen as the prime candidates for development and validation.
Acoustic Excitation
The acoustic excitation method of laser shearography uses an acoustic horn to excite the surface of the test article. A computer model was used to determine the frequency at which various size flat disbands would be driven into their fundamental resonant frequencies. Vibration laboratory tests were used to verify the simulation results. An acoustic horn was used to drive the disbands into resonance while monitoring the surface for strain patterns with laser shearography. Figure 3 shows the predicted fundamental frequencies of various disband sizes.
An air coupled acoustic drive and speaker provided a constant sound intensity of 120-124 dB that was swept across the resonant frequencies for the various disband sizes. A chirp at a frequency of 100 hz was used to provide enhanced excitation. The acoustic excitation methods were successful during laboratory testing and were scheduled to be utilized during the full-scale engineering tests. 
A model showing resonant conditions for various size disbands was constructed and used to predict optimal excitation frequencies.
Mechanical Excitation
Mechanical excitation of fixed foam was used to provide displacement of the surfaces over disbanded areas. During the laboratory investigations several pressure inducing methods were evaluated. Finger pressure on the surface was shown as a viable method to determine the location of disbands in the test panels and it was anticipated that a large scale pressure inducing method could be developed for full scale tests. Methods such as surface rolling, finger pressure, or high pressure air guns were considered but could not meet the constraints or could not be validated.
Vacuum Excitation
During the laboratory testing, it was theorized that a pressure reduction in a chamber directly above a disband would cause the surface of the specimen to deflect vertically if the applied vacuum exceeded the stiffness coefficient of the laminated material above the disband. In preparation for this testing on the full-scale development article, a vacuum box was assembled which could be used to create the required negative pressure as shown in figure 4 . A plexiglass window was used over the face of the box to allow passage of laser light into the vacuum box. The flat shape of the test panels precluded laboratory testing of this concept since the vacuum box was designed to match the contour of the Centaur test vehicle.
Creation of Simulated Disbands
Several simulated disbands were created between the adhesive and the surface of the tank wall. A variety of sizes and shapes of disbands ranging in dimensions from 4" -18" in diameter were fabricated by applying strip vinyl release agent directly to the tank wall. The fixed foam panels were bonded directly over the vinyl implants. The planned disbands which existed at this point of the test were not preloaded or prestressed and were partially bonded.
FULL SCALE TESTS
Validation of the laser shearography test method was conducted jointly with an Engineering Test program. The testing consisted of six individual scans of the test vehicle. The preliminary scan was conducted upon completion of the bonding process at a vertical assembly tower, the second scan after shipment to the test facility, and the remaining scans after cryogenic tanking and structural loadings of the tank. 
VACUUM BOX WITH REGION OF NEGATIVE PRESSURE TEST PART WITH DISBOND
Vacuum excitation uses a region of negative pressure above a disband to create surface deflection.
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Vertical Assembly Tower Testin!i_l
The initial laser shearography scans enabled the equipment and technique to be optimized for subsequent tests. Acoustic excitation was scheduled to be used as the primary stress inducing mechanism with mechanical and vacuum excitation being the alternate methods. Testing was performed from a relatively stable work platform inside a vertical assembly tower with the Centaur standing upright and pressurized to 6 psi to maintain the vehicle shape.
Preliminary testing indicated that the laser shearography equipment was sensitive to white light and slight movements. The light problems were solved by simply performing the testing at night or darkening the inspection areas; however, the movement problems were caused by personnel on the scaffolding and movement of the building and/or vehicle. A change in the shearing optics to 3/4 from 1/4 degree provided some desensitization to the vibration problem and the elimination of personnel movement during testing enabled testing to be conducted continuously. Wind loads on the side of the vehicle and building created movement problems which periodically interfered with the testing; however, it is believed that the shearographic testing concept enabled the testing to continue despite the slight movement problems and would not have been possible with holographic testing.
The acoustic method was unable to find any of the planned disbands during the preliminary scans. The resonant frequencies for various size disbands had been calculated and verified with actual physical vibration laboratory testing and analysis; however, the tests and calculations were representative of a flat panel and the curved skin of the actual Centaur test vehicle introduced another stress which presumably kept the disbands from vibrating at their resonant frequencies when excited acoustically. A small section of foam was removed and bonded into place using adhesive only at the outside edges. Laser shearography with acoustic and mechanical excitation were able to detect this disbond; however, the simulated disbonds were partially bonded (kissing bonds) and could not be detected. Mechanical attachment tests verified that the simulated disbonds were in fact bonded.
Site Testing
The next phase of the testing was performed immediately after shipment to the off-site test facility. Testing was conducted with equipment mounted on an "unstable" construction scaffolding platform in an open air environment with the laser shearography equipment mounted to a tripod assembly. A canvas enclosure was constructed over the test to reduce environmental variables and the Centaur was again mounted vertically and pressurized as in the previous tests.
The new environment created additional problems with vibrations and movements between the vehicle and the equipment. It was anticipated that the scaffolding would create severe motion problems; however, removal of personnel from both the platform and the test area on the tower during testing was sufficient to dampen the movement.
The second set of laser shearography tests were conducted to assess damage during shipment. Again the acoustic and mechanical excitation methods were unable to image any of the planned simulated disbands. At this point in the test program, vacuum excitation was first utilized. A vacuum of 1.0 to 1.5 psi below ambient was used to create a zone of negative pressure in a 20" X 20" box located directly over areas to be inspected. The edges of the box which contacted the foam surface were lined with a soft rubber to both protect the fixed foam and to facilitate the seal between the vacuum box and the Centaur. The initial attempts using vacuum excitation were unsuccessful because the strength of the simulated (partial) disbands exceeded the stress created by the zone of negative pressure created over those areas. 
MEASURED DIS BOND SIZE (INCHES)
The actual disband size was slightly larger than size detected with laser shearography.
The next sequence of tests included cryogenic tanking with Liquid Hydrogen (LH2) and structural testing of the tank to simulate load conditions during launch. The first cryogenic tanking provided the thermal stress which caused the simulated vinyl implants to disband. Mechanical pressure over large disbands and tapping on these areas indicated that disbanding had occurred. Acoustic excitation again failed to show these disbands and was subsequently discarded as a viable stress-inducing mechanism for this application. Additional calculations to determine acoustic excitation frequencies with the curved surface were not performed. Vacuum excitation was used for the remainder of the testing as the primary excitation method.
Disbanded areas on the tank could be shown repeatedly with the laser shearography using vacuum excitation as the stress inducing mechanism. Through trial and error, the optimal vacuum pressure was determined. All disbands detected using vacuum excitation were again examined using mechanical displacement methods with shearographic imaging (i.e., finger pressure) and were validated. Subsequent cryogenic tests showed frost patterns over the disbanded areas detected with laser shearography and examination of the test tank after test completion showed that only the simulated disband areas on the tank had disbanded.
The fixed foam insulation test tank was constructed with a variety of disband sizes. The accuracy of the laser shearography system (given the vibrational concerns), required that a compromise be reached between the size detectable and the environmental conditions. During the test, disbands 4" and larger across their minor dimension were detected. Since the constraint requirement was 4", laser shearography was considered to be a valid test method for this application. The actual dimensions of the disbands detected were slightly larger than the size indicated with laser shearography. The fixed edges of the disbands apparently did not deflect sufficiently to exceed the displacement threshold required to create the go/no-go laser shearography image. Figure 5 shows a graph of the actual disband size versus the measured disband sizes.
CONCLUSIONS
The vacuum excitation method of laser shearography was validated on a test tank with the given conditions. Variables in the test configuration which alter the surface strain condition during excitation will impact the accuracy of electronic laser 575 shearography and must be considered during testing. Based upon the results of this test program, laser shearography was validated as the primary NDE method for the inspection of fixed foam insulation bonds on the new Atlas II version of the AtlasCentaur vehicle.
